The field data collection of an air pollution epidemiologic study was carried out from 1993 to 1996 in four Chinese cities of Lanzhou, Chongqing, Wuhan, and Guangzhou. In each city, an urban district and a suburban district were selected. Ambient concentrations of total suspended particles ( TSP ) , size -fractionated particulate matter including PM 2.5 , PM 2.5 -10 , and PM 10 , sulfur dioxide ( SO 2 ) , and oxides of nitrogen ( NO x ) were measured in these districts. The results indicate the presence of wide inter -city and intra -city gradients in long -term ambient levels of these measured pollutants. Across the eight districts, the 1993 -1996 4 -year means of TSP, SO 2 , and NO x ranged from 198 to 659 g / m 3 , from 14.6 to 331 g / m 3 , and from 31.5 to 239 g / m 3 , respectively, and the 1995 -1996 2 -year means of PM 2.5 , PM 2.5 -10 , and PM 10 ranged from 51.5 to 142 g / m , and from 80.7 to 232 g / m 3 , respectively. These pollution ranges substantially extended the upper end of the pollution ranges of previous air pollution epidemiologic studies conducted in North America and Europe. In each district, significant correlations among the measured pollutants were observed for daily concentrations. However, the gradient patterns in longterm means of different pollutants were different across the eight districts. ( e.g., PM 2.5 -10 and TSP were highest in the Lanzhou urban district, PM 2.5 and PM 10 were highest in the Guangzhou urban district, SO 2 was highest in the Chongqing urban district, and NO x was highest in the Guangzhou urban district ) . In general, seasonal variations were present in the ambient concentrations with high levels often occurring in winter months. The eight districts may be classified into four district clusters based on integrated levels of all measured pollutants. These features of the ambient air pollution have important implications for epidemiological studies and may provide unique opportunities to study exposure -effects relationships in the four Chinese cities.
Introduction
Health effects of exposure to ambient air pollution have been extensively investigated in epidemiological studies in North American and European cities ( Chapman et al., 1985; Ware et al., 1986; Dockery et al., 1993 Dockery et al., , 1996 Pope et al., 1995; Peters et al., 1999a,b; Pikhart et al., 2000 ) . Although these studies have found, more or less, evidence of adverse health effects of air pollution exposure, the available results remain subject to significant uncertainties in several key areas including: (1 ) the community health effects of longterm exposure; ( 2) the relative health importance of different air pollutants and different size fractions and constituents of atmospheric particles; (3 ) the ethnic, demographic, and other factors that influence susceptibility to air pollution effects. Resolution of these and other uncertainties is essential to achieve an adequate understanding of the public health effects of ambient air pollution for setting appropriate air quality standards.
Over the last two decades, China's success in economic development has been accompanied by some harmful side effects, including heavy urban air pollution. In many Chinese cities, levels of ambient air pollutants much higher than WHO standards have been often observed (Huang et al., 1990; Lin et al., 1990; Zhou et al., 1990; Waldman et al., 1991; Chen et al., 1992; Wei et al., 1999 ) . These ambient air pollutants included sulfur dioxide ( SO 2 ) , oxides of nitrogen ( NO x =NO+NO 2 ), total suspended particles (TSP ), and size -fractionated particles (PM 10 and PM 2.5 ) . However, health impacts of air pollution at these levels in Chinese children and adults are poorly understood Qian et al., 2000 ) .
From 1993 to 1996, data were collected in four Chinese cities with one of the major objectives being to examine relationships between a set of children's and adults' respiratory health outcomes and ambient pollution levels. The four Chinese cities, Lanzhou, Wuhan, Chongqing, and Guangzhou ( see Figure 1 ) , were chosen because they were expected to exhibit a substantial gradient in ambient levels of several important air pollutants due to variations in pollution sources and geographic and climatic conditions. Lanzhou, with a population of 1.34 million at the time of the study, lies in the northwestern China. The city is located in an east -west basin approximately 35 km long, with a maximum north -south width of approximately 8 km. This topography results in a long -term inversion for about 310 days each year. The inversion layer can reach about 700 m in depth (Zhou et al., 1990 ) . Major pollution sources in Lanzhou include coal burning for industrial and domestic heating purposes and an oil refinery. Wuhan is located in the middle of the Yangzi River Delta. It has a population of about 7 million, of which 3.4 million reside in the central area of the city during the period of the study. Coal is commonly used for domestic cooking and heating and industrial processes (Lin et al., 1990; Qian et al., 1992 ) . Chongqing, with a population of over 10 million, is a major industrial base in southwest China. The climate is very hot in the summer with a high frequency of windless and inversion days, resulting in poor dispersion of ambient pollutants . Acid precipitation is common, partly due to combustion of sulfur-rich coals produced in the region. Guangzhou is located in the southern coastline of China and has a population of about 5.6 million. Motor vehicle exhaust and fossil fuel combustion are the major sources of anthropogenic air pollution there.
In each of the four cities, two districts ( one urban and one suburban) were selected with an expectation that intracity gradients in ambient pollution levels also existed in the four cities. Therefore, the data collected in these eight study districts nested in the four cities would enable examinations of both inter-city and intra -city relationships between health outcomes and pollution levels. In this paper, we present ambient concentrations of the following pollutants measured in the eight districts: PM 2.5 , PM 2.5 -10 , PM 10 , TSP, SO 2 , and NO x . We performed a series of data analyses to examine: ( 1) inter-city and intra -city spatial distributions of the measured pollutants; ( 2) seasonal variations and temporal distributions of the pollutants over the measurement period; ( 3 ) relationships among different pollutants; and ( 4) potentials for the classification of the eight study district based upon their ambient pollution levels. These analyses will help the construction of analytical frameworks for subsequent investigations of pollution-health relationships.
Measurement methods
As TSP, SO 2 , and NO x were regulated pollutants in China and routinely measured in the eight study districts, the concentrations of these pollutants during the study period were obtained from the municipal air pollution monitoring stations in these districts. However, size -fractionated PM measurements were not available at these stations and thus were specifically measured in the present study. Since an elementary school in each study district was chosen to provide the human subject pool, the PM measurements were made in the yards of these schools instead of at the municipal monitoring stations. One of the criteria for choosing the elementary schools was that the schools had to be reasonably close to the districts' monitoring stations (within 8 km for the Lanzhou suburban school and the Guangzhou suburban school and within 1.5 km for all the other six schools) . Size -fractionated PM measured in these schoolyards include PM 2.5 , PM 2.5 -10 , and PM 10 . TSP concentrations were measured as well in the schoolyards for comparison purposes.
Since data on health outcomes and other relevant parameters were collected from 1993 to 1996, we obtained data on SO 2, NO x , and TSP measurements for these 4 years from the municipal monitoring stations. The schoolyards measurements, however, were only made for 2 years (1995 and 1996 ) due to financial and logistic limitations.
The TSP, SO 2 , and NO x measurements at the municipal monitoring stations strictly followed the standard methods set by the State Environmental Protection Administration of China (SEPA, 1992) . Briefly, all the TSP measurements were made using SEPA -certified TSP samplers. The models (KB -120E ) used in Guangzhou and Lanzhou had an operating flow rate of 100 l/ min, and the models (SH -1 ) used in Chongqing and Wuhan had an operating flow Air pollution in four Chinese cities rate of 1100 l /min. The flow rates of the TSP samplers were calibrated quarterly with orifice plate meters. After sampling, the filters were removed from the samplers, placed for at least 24 h in weighing rooms at nominal 218C and 45% relative humidity, and then weighed to determine the TSP concentrations. Concentrations of SO 2 and NO x were measured using SO 2 and NO x impingers (GS -3) at a flow rate of 0.3 l/min that was calibrated for each measurement using bubble flow meters. The SO 2 impingers contained a solution of formaldehyde, potassium biphthalate, and Na 2 -CDTA buffer solution. The NO x impingers contained a solution of p-aminobenzenesulfonic acid, acetic acid, and naphthyl -ethylene -diamine -hydrochloride (Salztman reagent ). In the upstream of each impinger, a CrO 3 tube was placed to oxidize NO to NO 2 . Approximately 30 min after SO 2 collection, the solution in the impinger was transferred to a volumetric flask and treated (by sequentially adding ) with sulfuric acid, sodium hydroxide, and para -rosaniline. After sitting at 20 ± 28C for 15 min, the treated solution was analyzed colorimetrically at a wavelength of 575 nm. Fresh solutions of Na 2 SO 3 , with known SO 2 equivalent concentrations, were used for constructing the calibration curves. After sampling, the solution in each NO x impinger was analyzed colorimetrically at a wavelength of 540 nm. High -purity sodium nitrite was used to make standard solutions and calibration curves. Gaseous NO x concentrations were calculated based upon a known conversion factor from gaseous NO 2 concentration to aqueous nitrate concentration ( SEPA, 1992 ) . The measurements of size -fractionated PM in the schoolyards were made using dichotomous samplers ( Sierra -Anderson Model 241) provided by US EPA with certification as reference sampling devices. The samplers were equipped with an inlet with a 10-m cutpoint. The particles smaller than 10 m in aerodynamic diameter (PM 10 ) entering the sampler were divided into two size fractions using a Virtual impactor with a 2.5-m cutpoint. These two fractions were usually referred to as fine particles (PM 2.5 ) and coarse particles ( PM 2.5 -10 , i.e., 2.5 m < particle diameter < 10 m ). The samplers were operated at a total flow rate of 16.7 l/min with 90% of the total flow passing the PM 2.5 inlet and 10% of the total flow passing the PM 2.5 -10 inlet. Both fine and coarse particles were collected on 37 -mm (Guangzhou and Lanzhou ) and 47-mm ( Chongqing and Wuhan ) Teflon membrane filters (2 -m pore size ) supported by polyolefin rings. The flow rate of each dichotomous sampler, equipped with a mass flow controller, was calibrated periodically with bubble flow meters to assure a constant flow rate. Flow rate variations throughout each sampling session were within ± 5%. All the samples were taken on a daily basis. The sampling frequency was stratified by quarter of year. Based on the study design, at least 15 samples were collected in each quarter of 1995 and 1996; and within each city, the samples were collected on the same dates in both the urban and the suburban schools.
Each filter was placed in a clean Petri dish during transport and storage. Pre -sampling and post -sampling weighing of filters was made using an electronic microbalance with a sensitivity of 1 g. A polonium 210 radioactive source was used as a static charge control device when weighing the filters. Prior to weighing, all filters were placed for at least 24 h in a weighing room, where temperature and relative humidity were controlled at 20 ± 2.58C and 50± 5%, respectively, at the China National Environmental Monitoring Center. For every batch of 10 filters ( either new or exposed ), the 10th filter was reweighed and was within ± 5 g of original weight. For every batch of 20 filters, a blank filter was weighed or reweighed. The difference between two times of weighing of a blank filter was within 20 g. Through these careful weighing procedures and using the correct sampling volumes, we obtained concentrations of fine particles (PM 2.5 ) and coarse particles (PM 2.5 -10 ) collected simultaneously using the dichotomous samplers. Then we calculated PM 10 concentrations by adding PM 2.5 concentrations and PM 2.5 -10 concentrations.
Results
The measurements made at the schoolyards and those made at the monitoring stations are summarized in Tables 1 and 2 , respectively. According to the study design, each schoolyard should have had a total of 120 daily measurements of PM 2.5 , PM 2.5 -10 , and PM 10 . The sample size N shown in Table 1 indicates the number of valid samples only, reflecting a valid sample rate range from 78% ( in the Wuhan urban school ) to 98% (in the Chongqing urban school ) . The valid sample rate for TSP was similar to that for PM 2.5 , PM 2.5 -10 , and PM 10 in all the schools in Wuhan, Lanzhou, and Chongqing. However, substantially less TSP samples were collected in the two Guangzhou schools due to TSP sampler problems. As shown in Table 2 , sample sizes for the daily measurements at the monitoring stations varied largely across the four cities, reflecting additional requirements by the Guangzhou and Lanzhou municipalities to measure the pollutants more frequently than required by the CEPA. To determine the best estimate of central tendency for each of the measured pollutants, we examined distributions of the daily concentrations for each pollutant and found that the data were neither normally distributed nor log -normally distributed (although the distributions were closer to log -normal ). Therefore, we report arithmetic means along with 5th percentile, median, and 95th percentile in these tables.
As shown in Tables 1 and 2 , TSP measurements were made both in the schoolyards and at the monitoring stations.
However, the school measurements and the station measurements were not intentionally made on the same dates; hence, it is not possible to compare daily measurements. Because the overall study was designed mainly to address health impacts of long -term air pollution exposure, it is more appropriate to compare long -term concentration averages to examine whether the ambient exposure estimate derived from the schoolyards measurements will agree with that Figure 2 . The results indicate that both the 4 -year mean and the 2-year mean of TSP measured at the monitoring stations agreed reasonably well with the 2-year mean of TSP measured in the schoolyards: the Pearson correlation coefficient r=0.91 (P= 0.002 ) for Figure 2a and r=0.86 (P=0.006 ) for Figure 2b . Based on the TSP comparison results and the fact that the distance was small between the two monitoring sites ( schoolyard versus monitoring station ) in each district, it may be reasonable to use the results measured from either site to represent the district pollution level.
Spatial Distributions
Based on the 2-year means, an inter-city (inter-district ) gradient and an intra -city gradient of PM 2.5 , PM 2.5 -10 , PM 10 , and TSP were clearly observed ( see Table 1 ). Across the eight districts, the means for PM 2.5 concentrations ranged from 52 g/m 3 (Wuhan suburban) to 142 g/m ( Guangzhou urban ); and the means for TSP concentrations ranged from 207 g/m 3 (Chongqing suburban) to 934 g/m 3 ( Lanzhou urban ). Within a city, PM of all the measured size fractions appeared to have higher 2 -year means in the urban district than in the suburban district. The urban -suburban differences in PM 2.5 ranged from 12.1 g/m 3 (Chongqing ) to 71.9 g/m 3 ( Guangzhou ) ; those in PM 2.5 -10 ranged from 23.2 g/m 3 ( Chongqing ) to 41.9 g/m 3 ( Guangzhou ) ; those in PM 10 ranged from 35 g/m 3 (Chongqing ) to 114 g/m 3 (Guangzhou ); and those in TSP ranged from 100 g/m 3 (Chongqing ) to 319 g/m 3 (Lanzhou ) . The 4-year means of SO 2 and NO x concentrations also exhibited clear inter-city and intra -city gradients (see Table   2 ). Across the eight districts, the means of SO 2 concentrations ranged from 14.6 g/m 3 (Wuhan suburban ) to 331 g/m 3 (Chongqing urban ); and the means of NO x concentrations ranged from 31.5 g/m 3 ( Chongqing suburban) to 239 g/m 3 (Guangzhou urban ) . Within each city, the urban district had higher levels of SO 2 and NO x than the suburban district. The urban -suburban differences in SO 2 4 -year means ranged from 13.9 g/m 3 ( Guangzhou ) to 182 g/m 3 (Chongqing ) and those in NO x 4 -year means ranged from 25.7 g/m 3 ( Lanzhou ) to 167 g/m 3 (Guangzhou ). In addition to these gradients in mean values, large gradients in the number of high daily measurements were also observed across the eight districts. For example, 60% of the daily TSP measurements exceeded the Chinese 24 -h TSP standard for residential areas of 300 g/m 3 in the Chongqing urban district while this rate was 7% in the Guangzhou urban district. The Wuhan suburban district had none of the daily SO 2 daily measurements exceeding the Chinese 24-h SO 2 standard for residential areas of 150 g/m 3 . In contrast, the Chongqing urban district had 95% of the SO 2 daily measurements exceeding the standard. This might result from intensive industrial and domestic combustion of high -sulfur-content coal in this district and the Chongqing region . In the case of NO x , the Chinese air quality standard for residential areas is 100 g/m 3 for the daily average. This standard was never exceeded in the Chongqing suburban district, but was exceeded by 69% of the daily NO x measurements made in the Guangzhou urban district. Exhausts from motor vehicles might be the main cause of the high ambient NO x levels measured at this monitoring site and in Guangzhou in general (Huang et al., 1990 ) . The newly promulgated Chinese daily PM 10 standard is 150 g/m 3 . This was exceeded by 6% of the daily PM 10 measurements in the Wuhan suburban district and by 70% of the daily measurements in the Guangzhou urban district in 1995 and 1996. China has no PM 2.5 standard; the US daily PM 2.5 standard is 65 g/m 3 . In the eight districts, the rates at which the US PM 2.5 daily standard were exceeded ranged from 26% in the Wuhan suburban district to 79% in the Guangzhou urban district.
By examining the annual means from 1993 to 1996, we found that the Wuhan suburban district and the Guangzhou suburban district never exceeded the annual SO 2 standard of 60 g/m 3 for residential areas. In large contrast, the Lanzhou urban district and the two Chongqing districts exceeded the SO 2 annual standard in all 4 years. The Wuhan suburban district and the Chongqing suburban district never exceeded the annual NO x standard for residential areas (50 g/m 3 ), whereas all the four urban districts and the Guangzhou suburban district exceeded this standard in all the years. As to TSP, the Wuhan suburban and the Guangzhou suburban had one and two of the four annual means exceeding the Chinese annual mean standard for residential areas of 200 g/m 3 , respectively. However, the annual TSP standard was exceeded in all the years in all four urban districts as well as in the Lanzhou suburban district.
Temporal Distributions
Due to the limited number of daily measurements, we use monthly arithmetic means to examine temporal variations in the pollutants measured at the municipal monitoring stations. Figure 3 shows monthly variations in SO 2 , NO x , and TSP from January 1993 to December 1996. In the two Guangzhou districts, TSP levels often had high monthly means during winter months (November -March ) , whereas SO 2 did not show a clear seasonal pattern. Every elevated NO x peak in the Guanghzou urban plot occurred in October -January; and there was a hint of similar structure in the suburban plot as well. (The suburban district seemed to have an episodic TSP peak in October of 1994. ) The monthly mean variations for SO 2 appeared to be smaller than those for TSP and NO x in both districts. However, the NO x variation was substantially greater in the urban district than the suburban district. Guangzhou (22840 0 -24816 0 N, 1138-114830 0 E ) has a subtropical climate with a mild winter. Slightly increased domestic fuel combustion during the winter months may be responsible for the observed increase in ambient TSP levels but may not be large enough, compared to other sources (e.g., motor vehicle exhaust ) , to cause a noticeable increase in ambient SO 2 levels. In the case of NO x , for example, high levels and large temporal variations were observed in the urban district where its monitoring station was surrounded by several busy roads with high vehicle density. In Lanzhou, on the other hand, increased fuel combustion in winter months appeared to have a clear impact on the ambient levels of all three pollutants. Lanzhou (city center: 36810 0 N, 102880 0 E) is an inland city with distinct four seasons. During the long and cold winters of 1993-1996, a large amount of coal was combusted every year for domestic heating, resulting in peak levels of all three pollutants, although the monthly variations in TSP appeared to be greater than those in SO 2 and NO x . Much fewer daily measurements were made in the Wuhan and Chongqing districts than in the Guangzhou and Lanzhou districts. Therefore, the monthly means plots for the four districts in Wuhan and Chongqing had much lower ''resolution,'' making it more difficult to examine the seasonal variations. Nevertheless, roughly speaking, the measured pollutants generally had higher concentrations in winter months. The winters were warmer in these two cities ( Wuhan, 29858 0 -31821
0 -32815 0 N, 105817 0 -110810 0 E ) than in Lanzhou and colder than in Guangzhou. Overall, no consistent longterm trend was observed for TSP, SO 2 , and NO x from 1993 to 1996 in each of the eight study districts.
The data points of monthly means generated from the schoolyards were too few and scattered to draw any meaningful conclusion on seasonal variations of sizefractionated PM. The annual means for 1995 and 1996 may be compared to get insights about yearly changes. The results, as shown in Table 3 , indicate a descending trend in the annual means of PM 2.5 , PM 2.5 -10 , and PM 10 from 1995 to 1996 in all the districts ( except PM 2.5 in the Wuhan urban district ) . However, no similar descending trend in the annual mean of TSP was observed. The explanation for this observation is limited due to relatively small sample size and the lack of other necessary data. Difference = 1996 annual mean À 1995 annual mean. *P < 0.05; **P < 0.01. The PM 2.5 and PM 2.5 -10 data were obtained from the available dichotomous sampler data; the PM 10 data were derived from adding the PM 2.5 and PM 2.5 -10 values; and the TSP data were from direct gravimetric analyses of TSP.
Relationships among Measured Pollutants
Since the daily concentrations data for all the pollutants were not normally distributed, we used a non -parametric approach, Spearman correlation analysis, to examine the relationships among the measured pollutants. The results are shown in Table 4 where the Spearman correlation coefficients for each pair of pollutants were derived from the simultaneous daily measurements. By coincidence, very few daily measurements were made simultaneously in the schoolyards and at the municipal monitoring stations. Therefore, we could not perform appropriate analyses to examine the relationships between SO 2 or NO x and sizefractionated PM.
The correlations among the daily concentrations of PM 2.5 , PM 2.5 -10 , PM 10 , and TSP made at the schoolyards and those of SO 2 , NO x , and TSP made at the municipal stations are presented in Table 4 . The daily concentrations of PM 2.5 and PM 10 were significantly correlated and the coefficients ranged from 0.84 to 0.93. This is due to the fact that the fine fraction (PM 2.5 ) of PM 10 was above 50% in all the districts: The PM 2.5 /PM 10 ratio varied from 51.1% ( in Lanzhou urban ) to 72.2% (in Chongqing suburban ) with an overall average of 60.7% for the eight districts. The daily PM 10 and TSP concentrations were also significantly correlated. This is not surprising because TSP mass was composed of PM 10 mass with a large PM 10 /TSP ratio: from 23.7% (in Lanzhou urban ) to 58.8% ( in Guangzhou urban ) (the overall average was 40.9% ) . Lanzhou is famous of its ''dust storm.'' This is reflected in our measurements, as Lanzhou has the highest ambient TSP levels, but lowest PM 10 / TSP ratios. This is because windblown particles are large. The results show a relatively weak correlation between daily PM 2.5 concentrations and PM 2.5 -10 concentrations, suggesting that these two fractions of PM may be produced from different pollution sources. (Usually coarse particles and fine particles in the atmosphere are generated from different mechanisms.) Overall, the results from correlation analyses of the daily PM measurements suggest that it would be necessary to consider potential confounding effects from other PM size fractions when independent health effects of a given size fraction need to be addressed in subsequent epidemiologic analyses. Based on the daily measurements made at the municipal monitoring stations, correlations among SO 2 , NO x , and TSP generally appeared to be weaker than those among different size fractions of PM. The significant correlation between SO 2 and TSP is consistent with the findings from previous studies: coal combustion is one of the main sources of TSP and SO 2 in Chinese cities (Huang et al., 1990; Lin et al., 1990 ) .
Cluster Analysis and District Classification
It is necessary to know, from an epidemiological standpoint, how similar the eight study districts are in ambient pollution levels, as such information can be helpful in the construction of appropriate exposure variables for ambient air Valid sample size for all PM made at the schoolyard is the same in each district. b Valid sample size for SO 2 , NO x , and TSP made at the municipal monitoring station is the same in each district. *Not significant at = 0.05; all others are significant. PM 2.5 , PM 2.5 -10 , PM 10 , and TSP were measured during 1995 -1996 at the eight schools yards. SO 2 , NO x , and TSP 0 were measured during 1993 -1996 at the municipal monitoring stations. The PM 2.5 and PM 2.5 -10 data were obtained from the available dichotomous sampler data; the PM 10 data were derived from adding the PM 2.5 and PM 2.5 -10 values; and the TSP data were from direct gravimetric analyses of TSP.
pollution. Here we apply a hierarchical clustering technique to explore potential classifications of the study districts based on long -term ambient pollution levels of all measured pollutants. In our cluster analysis, each of the eight study districts ( variables ) had five observations, i.e., the 2 -year mean of PM 2.5 , the 2 -year mean of PM 2.5 -10 , the difference of the 2 -year mean of TSP and PM 10 ( TSP À PM 10 ), the 4 -year mean of SO 2 , and the 4 -year mean of NO x . Each of the eight variables can be considered a point in fivedimensional coordinates. The closeness or similarity between any of the two points was expressed by Euclidian distance, i.e., the square root of the sum of the squared differences between the coordinates of each variable for the two observations (Afifi and Clark, 1984 ) . In addition to this definition of the distance metric, we also defined rules to guide linkages. By using the SAS cluster procedure SINGLE option, we defined single linkage as the cluster method to link the clusters of the observations in our analysis (SAS, 1990 ) . In the single linkage method, the distance between two clusters is the minimum distance between a point outside a group and a point inside the group ( Vogt et al., 1987; Howard, 1991 ) . We began with eight clusters, i.e., each point constituted its own cluster. We combined the two closest clusters as a group in successive steps, thus reducing the number of clusters by one in each step. In the final step, we grouped all points into one cluster. We determined the number of clusters by checking the minimum distance between clusters at each successive step, i.e., we chose a cluster when the minimum distance exceeded a specific value of 0.12 (Afifi and Clark, 1984 ) . The results from our cluster analysis are presented as a complete linkage dendrogram (see Figure 4 ) . Based on this dendrogram, the eight study districts may be classified into four clusters. Cluster 1 consists of the two suburban districts in Guangzhou and Wuhan. Cluster 2 consists of the two urban districts in Guangzhou and Wuhan plus the Chongqing suburban district. Cluster 3 consists of the Chongqing urban district and the Lanzhou suburban district. And finally, Cluster 4 consists of the Lanzhou urban district alone. Relating this cluster pattern to the ambient pollution concentrations may enable us to say that Cluster 4 represents the district with the highest combined level of ambient PM 2.5 , PM 2.5 -10 , (TSP À PM 10 ), SO 2 , and NO x ; Cluster 3 represents the districts with the second highest; Cluster 2 represents the districts with the second lowest; and Cluster 1 represents the districts with the lowest integrated pollution level.
Discussion
The cluster pattern presented above may have important implications for subsequent epidemiological analyses. For example, cross -sectional comparisons in health outcomes may be more appropriately performed at the cluster level rather than at the individual district level, especially when overall effects from all the co-pollutants need to be addressed. However, caution must be exercised in the interpretation of results because cluster analysis is highly empirical and may often have significant shortcomings (Everitt, 1993 ) . In our analysis, for example, all input concentration data were not weighted to consider differences in toxicological importance of different pollutants (Lison et al., 1997; Osier and Oberdorster, 1997; Oberdorster et al., 1994; Li et al., 1999 ) . Furthermore, since the clusters are not known a priori, it is usually difficult to judge whether the results make sense in the context of the problem being studied. We also performed a cluster analysis using another set of pollutants: the 2-year mean of PM 2.5 , the 2 -year mean of PM 10 (replacing PM 2.5 -10 ) , the 2 -year mean of TSP (replacing TSP À PM 10 ) , the 4 -year mean of SO 2 , and the 4-year mean of NO x . This analysis resulted in the same four clusters described above. However, PM 2.5 -10 and (TSP À PM 10 ) are more independent PM size fractions than PM 10 and TSP because PM 10 includes PM 2.5 and TSP includes PM 10 . Hence, the results are more reasonable from using PM 2.5 -10 and (TSP À PM 10 ).
Annual means or multiyear means of air pollutants are often used in epidemiologic studies of long -term air pollution effects (Ware et al., 1986; Dockery et al., 1989; Peters et al., 1999a ) . In each study, exposure -effects relationships can be derived for the pollution range encountered in the study and thus, a wide pollution range is favorable. The eight districts of this study exhibited a wide range for each concerned pollutant, as shown clearly in Figure 5 where the ranges from major previous US /Europe studies are also shown for comparison purposes (Ware et al., 1986; Dockery et al., 1989 Dockery et al., , 1996 Spengler et al., 1996; Braun -Fahrlander et al., 1997; Peters et al., 1999b; Pikhart et al., 2000 ) . The comparison indicates that the data on pollution levels collected in this study substantially extended the upper end of the pollution ranges of major published studies. This may provide a unique opportunity to examine whether the exposure-effect relationships observed in previous studies persist at higher pollution levels and across extended pollution ranges.
The study finds significant correlations between the daily concentration measurements of different pollutants (see Table 4 ) in each study district. This lack of independence may create problems in teasing out the dose -response coefficient of individual pollutants in epidemiologic studies involving multiple pollutants (Wilson and Spengler, 1996 ) . However, the long -term means (2 or 4 years ) for different pollutants or different PM size fractions exhibit different gradient patterns across the eight districts. For instance, PM 2.5 -10 and TSP have the highest levels in the Lanzhou urban district, PM 2.5 and PM 10 have the highest levels in the Guangzhou urban district, SO 2 had the highest level in the Chongqing urban district, and NO x had the highest level in the Guangzhou urban district. These different gradient patterns are favorable for separately studying independent health effects of each measured pollutant at community ( district ) levels ( Peters et al., 1999a,b ) .
It is expected that the results from the present study will be used to examine the relationships between the outdoor air pollution levels and the health effects in children and adults. The ambient pollution data were collected at the community ( district ) level. The data exhibited some important features, as discussed above, that can be favorably used in the study of community health effects of ambient air pollution. These features will be considered in the subsequent epidemiologic analyses of a large database that includes indoor air pollution information and health outcomes data as well. 
